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Nontyphoidal salmonellae are major causes of food-borne disease worldwide. In Uruguay, Salmonella enterica
serovar Enteritidis was the most commonly isolated serovar throughout the last decade, with a marked
epidemic period between 1995 and 2004. In a previous study, we conducted comparative genomics of 29
epidemic-spanning S. Enteritidis field isolates, and here we evaluated the pathogenic potential of the same set
of isolates using several phenotypic assays. The sample included 15 isolates from human gastroenteritis, 5 from
invasive disease, and 9 from nonhuman sources. Contrary to the genetic homogeneity previously observed, we
found great phenotypic variability among these isolates. One-third of them were defective in at least one assay,
namely, 10 isolates were defective in motility, 8 in invasion of Caco-2 cells, and 10 in survival in egg albumen.
Twelve isolates were tested for invasiveness in 3-day-old chickens, and five of these were significantly less
invasive than the reference strain. The two oldest preepidemic isolates were reduced in fitness in all assays,
providing a plausible explanation for the previous negligible incidence of S. Enteritidis in Uruguay and
supporting the view that the introduction or emergence of a more virulent strain was responsible for the
marked rise of this serovar. Further, we found differences in fitness among the isolates which depended on the
source of isolation. A total of 1 out of 14 isolates from human gastroenteritis, but 6 out of 13 isolates from other
sources, was impaired in at least two assays, suggesting enhanced fitness among strains able to cause intestinal

disease in humans.

Salmonella enterica subsp. enterica serovar Enteritidis (S.
Enteritidis) is a major cause of food-borne disease worldwide.
It represents an important public health problem with
marked economic impact (3, 18). It is usually acquired by
ingestion of contaminated water or food, and poultry-de-
rived products, particularly eggs, are the major source of
human infection (22, 45).

During the 1980s, S. Enteritidis emerged as a major concern
for food safety in Europe and the Americas, and by 1990 in the
United States and 1993 in Europe, it became the most fre-
quently isolated Salmonella serovar (48). Data obtained from
the WHO Global Salmonella Survey program (http://www.who
.int/salmsurv/links/en/) confirmed that between 2000 and 2004,
S. Enteritidis was the most frequently isolated serovar of S.
enterica from human sources worldwide. In Uruguay, S. Enter-
itidis was rarely isolated until 1994, but in 1995, a first outbreak
occurred, initiating an epidemic of human infection that lasted
until 2004 (4, 6). In the period from 1997 to 2004, S. Enteritidis
was the most frequently identified serovar in Uruguay, ac-
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counting for more than 50% of all strains received each year at
the National Salmonella Center (NSC; Institute of Hygiene,
Uruguay) and for more than 85% of the strains isolated from
humans (6). In 2009, S. Enteritidis reemerged as the main
cause of salmonellosis in Uruguay, outnumbering S. Typhi-
murium as the most frequent serovar isolated from humans
(NSC unpublished data).

The factors responsible for this S. Enteritidis pandemic are
still unclear, but several facts have been proposed to contrib-
ute, including changes in farming practices, the existence of a
rodent reservoir, eradication of competing S. Gallinarum
strains by vaccination, and evolution of the pathogen to be-
come more virulent (9, 48). In this respect, it has been sug-
gested that the rapid spread of S. Enteritidis throughout Eu-
rope and the United States might indicate the emergence of a
new, more virulent strain of the bacterium due to the acquisi-
tion of the ability to colonize and persist in poultry (37).

S. Enteritidis can asymptomatically colonize the gastrointes-
tinal tract and deeper organs of chickens, including the ovary
and oviduct, through which it can be transmitted to the form-
ing eggs (23, 26). An important epidemiological characteristic
of this serovar is its capacity to persist in the hostile environ-
ment of albumen in laid eggs, and it is postulated that this
ability is essential for its eventual transmission to humans (8,
21, 26, 27). In addition, survival of S. Enteritidis in a nonhost
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environment, such as soil or fresh fruits and vegetables, has
also been reported, which may certainly influence the epide-
miology of this pathogen (10, 11, 35).

In the human host, S. Enteritidis colonizes the small intes-
tine, and most commonly, it causes a self-limiting gastroenter-
itis characterized by mucosal inflammation and diarrhea (29).
Many reports using both animal and cell culture models indi-
cate that the ability to invade and survive in epithelial cells is
important for Salmonella pathogenesis (17, 38, 42, 53). Upon
interaction with enterocytes, Salmonella induces a proinflam-
matory response characterized by basal secretion of interleu-
kin-8 (IL-8; CXCLS), CCL20 (MIP3a), and various other
proinflammatory chemokines that recruit neutrophils and den-
dritic cells into the subepithelial compartment (13, 34, 41, 51),
ultimately leading to diarrhea.

Previously, we reported the genetic diversity of a compre-
hensive set of S. Enteritidis field isolates recovered from
different sources and isolated before, during, and after the
epidemic in Uruguay (5). Using molecular typing and microar-
ray-based comparative genomic hybridization (CGH) meth-
ods, we found a major genomic profile for the strains circulat-
ing in the country during the epidemic, which is remarkably
similar to that of fully sequenced S. Enteritidis PT4 P125109, a
United Kingdom clinical isolate that is highly virulent in chick-
ens. Significantly, the most divergent strains were the two old-
est preepidemic isolates, isolated more than 5 years before the
beginning of the epidemic (Table 1) (5). Further, preliminary
cell invasion assays showed a degree of variation between iso-
lates that was greater than would be expected given the typing
and CGH analysis.

In the present study, we examined the pathogenic potential
of this set of isolates by assessing their ability to attach, invade,
and elicit a proinflammatory transcriptional response in cul-
tured human intestinal epithelial cells. Furthermore, virulence
after oral inoculation into newly hatched chickens and the
capacity to survive in egg albumen were also assessed. For
comparison, S. Enteritidis PT4 P125109 was included in all the
studies as a reference.

MATERIALS AND METHODS

Bacterial strains, tissue culture cells, and culture conditions. A total of 29 S.
Enteritidis isolates collected in Uruguay over the last 2 decades (1988 to 2005)
were studied. Comprehensive information about these isolates has been previ-
ously reported (5). The sample included isolates from human (gastroenteritis and
systemic infections) and nonhuman sources and covered the different epidemi-
ological periods (before, during, and after the epidemic of S. Enteritidis in
Uruguay) as well as all isolates showing variability in our previously reported
genotyping analysis (Table 1). All isolates were confirmed biochemically and
serologically at the NSC and were stored at —80°C in Luria-Bertani (LB) broth
containing 25% glycerol. For ease of interpretation of the figures, the isolates
were classified by source, while the two oldest preepidemic isolates were placed
in a different group due to their unique genetic lineage.

S. Enteritidis PT4 P12519 (NCTC 13349, here referred to as PT4) was ob-
tained from the Wellcome Trust Sanger Institute (Hinxton, United Kingdom). S.
Enteritidis M1511 is a PT4 derivative with a deleted invC gene (Kan"), con-
structed by P22 transduction of invC::aphT from S. Enteritidis SB566 (14), and
was kindly provided by Wolf Dietrich Hardt (Institut fiir Mikrobiologie, Ziirich,
Switzerland). Another PT4 derivative, a fliC knockout mutant, was constructed
by P22 transduction of a fliC::aphT cassette from strain SEFK32 (47). The
absence of motility in this strain was confirmed by plating in soft agar and
microscopic visualization.

S. enterica serovar Gallinarum strain 09 was also obtained from the Sanger
Institute and was used as a negative control in motility assays and as a positive
control in egg albumen survival assays.
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TABLE 1. Summary of the isolation periods, origins, and CGH and
virulence plasmid patterns for the 29 Uruguayan S. Enteritidis
isolates used in this study

Period of

Isolate® - . Source” CGH¢ SVp?
isolation
31/88 Preepidemic Gastroenteritis 75 +
08/89 Invasive disease 74 +
53/94 Food 39 +
57/94 Food 1 +
47/95 Epidemic Gastroenteritis 2 +
51/95 Gastroenteritis 0 +
108/95 Gastroenteritis 0 +
49/98 Food 9 +
80/98 Invasive disease 1 +
100/99 Gastroenteritis 0 +
130/99 Gastroenteritis 0 -
132/99 Invasive disease 0 +
206/99 Food 45 —
32/00 Animal 8 +
125/00 Gastroenteritis 0 +
48/01 Food 0 +
251/01 Egg 0 +
254/01 Egg 0 +
8/02 Gastroenteritis 0 +
32/02 Egg 1 -
65/02 Gastroenteritis 0 +
77/02 Gastroenteritis 2 +
199/02 Invasive disease 0 -
214/02 Invasive disease 0 -
47/03 Gastroenteritis 6 +
106/04 Postepidemic Gastroenteritis 0 +
10/05 Gastroenteritis 2 +
92/05 Gastroenteritis 1 +
93/05 Gastroenteritis 0 +

¢ Strain designations adhere to the following rule: number of isolate/year of
isolation.

® Food refers to any product for human consumption (e.g., cake or sandwich),
with the exception of eggs.

¢ The number of chromosomal genes of difference between the test isolate and
reference strain, according to CGH analysis (5). The total number of genes
analyzed was 5,863.

4 SVP, Salmonella virulence plasmid; +, virulence plasmid present; —, viru-
lence plasmid absent.

Strains were grown aerobically in an orbital shaking incubator (200 rpm) at
37°C in LB broth, with 80 pg/ml of kanamycin added when required.

The human colon carcinoma (Caco-2) cell line was obtained from the Amer-
ican Type Culture Collection. Caco-2 cells were maintained in minimal essential
medium with Earle’s salts (high glucose, 4.5 g/liter), supplemented with 4 mM
L-glutamine and 20% fetal calf serum at 37°C in 5% CO,, at up to 80% conflu-
ence.

Motility tests. For motility testing, 2 pl of overnight cultures of bacteria grown
in LB broth were spotted onto the surface of an LB plate containing 0.3% agar
(soft agar) and incubated for 6 h at 37°C before the diameter of the halo of
growth was measured. Results were expressed as the percent values of the
diameter of growth for each isolate, considering PT4 as 100%. The assays were
repeated at least twice, and the results were reproducible. Results were con-
firmed by phase-contrast microscope visualization of mid-log-phase bacterial
cultures grown in LB broth.

Caco-2 adhesion and invasion assays. Assays measuring bacterial invasion into
Caco-2 cells were carried out as previously described (5), with small modifica-
tions; namely, a short centrifugation step (5 min, 200 g/960 rpm in a Sorvall
Legend RT centrifuge, rotor 6445, at room temperature) was carried out imme-
diately upon bacterial inoculation to counteract defects in motility. Each strain
was evaluated in two independent experiments, and each time tested at least in
duplicate. Invasion levels were expressed as the percentages of recovered intra-
cellular bacteria related to the inoculum. For statistical analysis, the isolates were
classified positive for invasion if the percentage of the inoculum recovered from
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the intracellular environment was higher than 0.11% (30% of the invasion value
obtained for PT4) and negative if it was less than or equal to 0.11%. This cutoff
was established based on our previous report in which isolates differing signifi-
cantly (P < 0.01) from PT4 in cell invasiveness showed less than or equal to 30%
of its invasion level (5). The strain M1511 (AinvC) used as a control for the
noninvasive strain showed a percentage of inoculum that equaled 0.03% (data
not shown).

For the adhesion assays, replica plates of the invasion assays were processed as
described previously, but instead of addition of medium containing gentamicin,
the cells were gently washed 4 times with warm phosphate-buffered saline (PBS)
and directly lysed with 0.1% Triton X-100 for bacterial counting. The number of
CFU obtained in the adhesion assays comprises the adherent plus the intracel-
lular bacteria.

To polarize Caco-2 cells, 5 X 10* cells were seeded in Costar transwells
(6.5-mm diameter, 4-um pore size, polycarbonate) in 24-well plates and grown
for 19 days, changing the culture medium every other day, until transepithelial
electrical resistance (TEER) stabilization (TEER > 200 Q - cm?).

Quantitative real-time PCR. Caco-2 cells were infected as done previously for
the invasion assays, but after 1.5 h of incubation with culture medium supple-
mented with 100 wg/ml of gentamicin, the antibiotic concentration was changed
to 10 pg/ml, and the cells were incubated for an additional 1.5 h. Thus, at 3 h
postinfection, the cells were washed 3 times with PBS and lysed with Trizol
(Invitrogen). Total RNA extraction was carried out as indicated by the supplier.
A total of 500 ng of the resulting total RNA was reverse transcribed using
Moloney murine leukemia virus (MMLV) reverse transcriptase (Invitrogen) and
random primers in a 20-pl reaction, and 2 wl of a 1/16 dilution of this reaction
was used for real-time PCR using Sybr green (QuantiTect; Qiagen) in a Corbett
thermocycler. Primer sequences used are as follows: 18S-F, 5'-ACATCCAAGG
AAGGCAGCAG-3'; 18S-R, 5'-TTTTCGTCACTACCTCCCCG-3'; CCL20-F,
5'-CGAATCAGAAGCAGCAAGCA-3"; CCL20-R, 5'-CTTTGTGTGAAAGA
TGATAGCAT-3'; IL-8-F, 5'-CAGCTCTGTGTGAAGGTGCAG-3'; IL-8-R,
5'-TTATGAATTCTCAGCCCTCTTC-3'; TNF-a-F, 5'-GCTCCAGGCGGTG
CTTGTTCC-3"; and TNF-a-R, 5'-AGGTCCCTGGGGAACTCTTCC-3".

The cycling programs used were as follows: for 18S RNA and tumor necrosis
factor alpha (TNF-a), 15 min at 95°C and 40 cycles of 15 s at 94°C, 30 s at 60°C,
and 30 s at 72°C, and for CCL20 and IL-8, 15 min at 95°C and 40 cycles of 15 s
at 94°C, 30 s at 54°C, and 30 s at 72°C. We used the comparative threshold cycle
(C) method for relative mRNA quantitation. Briefly, the C; obtained for each
gene was normalized by the C obtained for 18S RNA in each sample, giving the
AC; (ACy = Cy for 18S RNA — Cy for the sample gene). The corresponding
27ACT yalue was calculated for each gene in each sample, and the 2747 values
were compared to the 2727 value obtained for the same gene in the uninfected
sample to obtain the fold variation in mRNA abundance of the sample related to
the uninfected control (fold variation = 274C€7, . /27ACT . cea)- Each iso-
late was assayed in duplicate. Nonreverse-transcribed controls rendered no de-
tectable C values or were amplified at least 10 cycles later than the correspond-
ing reverse-transcribed samples.

Bacterial survival in egg albumen. The ability of different bacterial isolates to
survive in egg albumen was quantified essentially as described by Lu et al. (31).
Organic, antibiotic-free chicken eggs from a local farm were disinfected by
immersion in 70% ethanol, dried, and cracked into a sterile container. Egg
albumen from 10 eggs was pooled and beaten for 3 min. All bacterial strains were
grown in LB broth overnight at 37°C with shaking before being used in assays. An
overnight culture of bacteria was added to 4 ml of an albumen pool in a Falcon
tube to a final concentration of 1 X 10° to 2 X 10°> CFU/ml and thoroughly mixed
with a vortex. An aliquot was removed immediately after inoculation, diluted in
PBS, and plated on LB agar for bacterial enumeration, considering the value of
the initial inoculum as 100%. The tubes were incubated at 37°C, and at different
time points (0.5, 2, 3, and 6 days), aliquots were removed for plating on LB agar.
Surviving bacteria were enumerated and related to the initial values to obtain the
percentages of survival. Since different batches of eggs vary in their bactericidal
activity, the time course of survival of the isolates in egg albumen varies slightly
in different assays. Each assay was repeated twice in duplicate, and data obtained
from one representative assay at the most discriminative time point (2 days
postinoculation [p.i.]) are presented. An isolate was classified positive for sur-
vival in egg albumen if the percentage of the inoculum obtained after 2 days of
incubation was >30% and negative if it was =30%.

Chicken virulence assays. Salmonella-free 3-day-old Lohmann white chickens
obtained from a local farm were inoculated orally with each S. Enteritidis isolate
at 1 X 10° to 2 X 10° CFU in 200 pl. For inoculation, bacteria were grown
overnight with shaking at 37°C in 10 ml of LB medium and resuspended in 6 ml
of sterile PBS. The animals were provided with feed and water ad libitum and
maintained in isolated cages. At 7 days postinoculation, the chickens were eu-
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thanized, and the spleens and ovaries-oviducts were removed aseptically. Spleens
were homogenized in 2.5 ml sterile water, and the number of CFU/spleen was
quantified by plating serial dilutions of homogenates in LB agar. For negative
samples, 1 ml of the original samples was enriched in tetrathionate broth (Oxoid)
for 24 h at 37°C before being streaked on selective Salmonella-Shigella (SS) agar
plates. Suspected Salmonella colonies were further verified by culture on lysine
iron agar and phenyl alanine agar. Samples showing confirmed Salmonella col-
onies were considered positive, and 3 CFU/spleen was assigned for counting
purposes. Ovaries-oviducts were directly enriched in tetrathionate broth and
processed as described for enrichment from spleens. Ovary-oviduct samples
showing confirmed Salmonella colonies were considered positive. Each isolate
was tested in two independent experiments with at least 5 chickens per isolate
each time. Control groups of chickens inoculated with sterile PBS were pro-
cessed as done previously, and samples of organ homogenates were plated in SS
plates after enrichment in tetrathionate broth. All animal manipulations were
performed according to the National Ethical Committee for Animal Experimen-
tation requirements.

Statistical analysis. For analysis of the frequency of positive strains in Caco-2
or egg survival assays, we used Fisher’s exact test (GraphPad Prism software),
considering a of <0.05. For analysis of differences in the Caco-2 transcriptional
response to the infection or invasiveness in chickens, we used one-way analysis of
variance (ANOVA) with Dunnett’s multiple comparison test (GraphPad Prism
software), considering the difference statistically significant if the P value was
<0.05.

RESULTS

Caco-2 cell adhesion and invasion tests. To study the inter-
action of S. Enteritidis isolates and human intestinal epithe-
lium, we used the enterocyte-like Caco-2 cell line cocultured
with bacteria (7, 12, 16, 28). Motility is an important factor
influencing invasion (30, 40, 46, 47); thus, we first tested the
motility of the strains in soft agar (Fig. 1A). A total of 10 out
of 29 isolates showed markedly decreased motility compared to
that of PT4 isolates (=20% of the motility of PT4). Two of
these were the old preepidemic strains, and of the other eight
motility-impaired isolates, only two were recovered from gas-
troenteritis cases.

Due to the observed differences in motility, the plates used
in the Caco-2 assays were subjected to a short centrifugation
step immediately upon inoculation to counteract the motility
defects and synchronize bacterium-cell contact. When this step
was included, we found that all isolates exhibited levels of
adhesion to the cells comparable to those of the reference
strain, with values varying between 0.99 and 3.45% of the
added inoculum (mean = standard deviation [SD] = 2.12 +
0.56) (Fig. 1B). However, the invasion assays revealed a higher
heterogeneity of behaviors, with the number of intracellular
bacteria varying between 0.02 and 1.10% of the initial inocu-
lum (mean = SD = 0.27 = (.23), confirming our previously
reported results (5). Most of the isolates with defective motility
also exhibited diminished invasion capacity despite the fact
that the centrifugation step significantly increased their inva-
siveness. Thus, 8 of 9 strains that we previously showed as
having impaired abilities to invade Caco-2 cells without cen-
trifugation (5) remained hypoinvasive here in the centrifuga-
tion-assisted assays (=30% of the invasiveness of PT4) (Fig.
1B). Some hypoinvasive isolates were assayed for invasion into
polarized Caco-2 cells, but their levels of invasion remained
low (data not shown).

We classified the isolates as positive or negative for invasion
according to the percentages of the inoculum recovered from
the intracellular environment (see Materials and Methods),
and for statistical analysis, we grouped them by their source of
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FIG. 1. (A) Motility of S. Enteritidis isolates. The dashed line indicates the 20% cutoff below which an isolate is assigned a motility-impaired
phenotype. S. Gal, S. Gallinarum strain. A representative experiment is shown. (B) Caco-2 adhesion and invasion assays. Total associated bacteria
(adhesion) or intracellular bacteria (invasion) were quantified. The dashed line indicates the 0.11% cutoff used as a threshold to differentiate
invasion-negative from invasion-positive isolates. Data shown are means * standard errors. (C) Frequency of invasion-positive S. Enteritidis
isolated from human gastroenteritis compared to the frequency of isolates obtained from other sources, i.e., isolates obtained from human systemic
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standard errors are shown. n/i, not infected; fliC—, cells infected with the fliC::aphT PT4-derived strain; *, significant difference related to cells

infected with PT4 shown by one-way ANOVA (P < 0.05).

isolation (gastroenteritis versus other origin). The subset of
isolates recovered from human gastroenteritis cases during the
epidemic or postepidemic periods displayed significantly better
fitness than the isolates from all other sources (P of 0.033 in
Fisher’s exact test) (Fig. 1C).

Transcriptional response of Caco-2 cells to S. Enteritidis
infection. We selected 8 isolates covering all sources and pe-
riods of isolation to analyze their ability to elicit a proinflam-
matory response from Caco-2 cells. For this, we measured the
1L-8, CCL20, and TNF-a mRNA levels from infected Caco-2
cells in comparison with those from uninfected cells (1, 52). It
has been reported that the response of epithelial cells to Sal-
monella infection is mediated mainly through Toll-like recep-
tor 5 activation by flagellin (20, 41, 44, 52); thus, we used a
fliC::aphT PT4-derived strain as a negative control. Gene ex-
pression above the negative-control level was clearly induced
in Caco-2 cells upon infection with all the isolates (Fig. 2). No
significant differences were observed in the transcriptional re-
sponses elicited by the individual isolates compared with that
elicited by PT4, except TNF-a expression levels were signifi-
cantly higher (P < 0.05 in one-way ANOVA compared with
that of PT4) after infection with the preepidemic isolate 31/88.

Survival of S. Enteritidis isolates in egg albumen. Egg al-
bumen can repress the proliferation of S. Enteritidis due to
iron restriction, high pH, and enzymatic activities that desta-
bilize the bacterial cell wall (25). It is postulated that survival
in egg albumen is essential for S. Enteritidis transmission to
humans (21). Thus, we decided to evaluate if there were dif-
ferences among the isolates in their capacity to survive in egg
albumen. As shown in Fig. 3A, a great diversity of phenotypes
was found. Both of the preepidemic isolates showed dimin-
ished survival, and survival levels were markedly different be-
tween isolates derived from human and nonhuman sources.
Our results show that 2 out of 16 human isolates and 6 out of
9 nonhuman isolates were negative for survival (P of 0.01 in
Fisher’s exact test) (Fig. 3B).

Three particular isolates were most drastically affected in
their capacity to survive (less than 3% of the initial inoculum),
namely, the oldest preepidemic isolate (31/88), one isolate
obtained from eggs during the peak of the epidemic (254/01),

and a human gastroenteritis isolate (47/03) (Fig. 3A). Con-
versely, several other isolates obtained from different periods
and sources showed markedly increased survival in egg albu-
men compared to that of PT4. We found no clear correlation
between the motility of the isolates and their capacity to sur-
vive in egg albumen. In fact, only 4 out of 10 isolates with
impaired survival in egg albumen were also impaired in motil-
ity. Furthermore, the chicken-adapted serovar S. Gallinarum,
which is nonmotile, showed a high level of survival (90% of the
initial inoculum at 48 hours p.i.) in egg albumen.

In vivo virulence assays in chickens. As the ability to invade
deeper organs in chickens is important for S. Enteritidis trans-
mission to humans, we assessed 12 isolates selected for spleen
and ovary-oviduct colonization after oral inoculation into
newly hatched chickens (Fig. 4).

Consistent with previous reports (2), the PT4 reference
strain showed a very high level of invasiveness in this virulence
model. All isolates were capable of invading chicken spleens,
but several isolates showed significantly lower spleen invasive-
ness compared to that of PT4 (P < 0.05), namely, the oldest
preepidemic isolate (31/88), both isolates obtained from inva-
sive disease (199/02 and 214/02), and two isolates obtained
from nonhuman sources (53/94 and 251/01) (Fig. 4). Regarding
the colonization of the ovaries-oviducts, we found that all iso-
lates that showed significantly lower invasiveness into the
spleens also showed low levels of ovary-oviduct colonization
(Table 2). In addition, some isolates that colonized the spleen
well were nevertheless poor colonizers of the reproductive
organs (isolates 8/02 and 206/99). No clear signs of disease or
mortality were observed in any group of animals.

DISCUSSION

S. Enteritidis emerged as a major etiological agent for food-
borne disease in Uruguay during the 1990s, and for several
years, it was the most frequently isolated serovar of Salmonella
in the country. A similar phenomenon occurred in Europe and
the United States about a decade earlier. The factors respon-
sible for this worldwide epidemic are still undefined, but evo-
lution of the virulence of the pathogen has been proposed to
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sources. The P value obtained using Fisher’s exact test is shown.

contribute. In this study, a set of S. Enteritidis isolates from
Uruguay during the last 2 decades, and covering different ep-
idemiological situations and diverse sources of isolation, were
assayed in several in vitro or in vivo tests for evaluation of their
virulence-associated phenotypes. The main findings are as fol-
lows: (i) a great heterogeneity of phenotypes was found, which
is markedly different from the high homogeneity previously
found in the same set of isolates by genomic comparison; (ii)
the preepidemic isolates showed low levels of fitness in most of
the assays evaluated; and (iii) the subset of isolates from hu-
man gastroenteritis showed higher homogeneity of phenotypes
and higher levels of fitness than isolates from any other
sources.

In previous work (5), we reported high genetic homogeneity
among the same set of isolates, as evaluated by molecular
genotyping and CGH, with the two preepidemic isolates being
the most divergent. However, an initial cell invasion assay also
suggested that differences between isolates might be higher
than predicted from the genomic data. The results presented
here confirm this observation. We found a much higher het-
erogeneity of phenotypes in all the assays than that estimated
by the previous genotyping analysis, with isolates belonging to
identical genetic profiles showing very dissimilar behaviors,
e.g., isolates 251/01 and 8/02, both previously indistinguishable
from the reference strain by all the genotyping methods as-
sayed (5), here nevertheless showed great disparity of pheno-
type. Thus, isolates that apparently belong to the same clone

seem to have markedly different virulence capacities. These
findings should be considered when drawing conclusions about
potential virulence from genomic comparisons, since usually a
single isolate of each lineage is analyzed. Our results are in line
with those previously reported by Lu et al., who found high
heterogeneity of in vivo and in vitro phenotypes among S.
Enteritidis isolates belonging to the same phage type (PT4 or
PTS8) (32).

It has been reported previously that among strains of S.
Enteritidis belonging to a single multilocus genotype, there
were subpopulations with distinct capacities to attach and in-
vade avian ovary granulosa cells (39). Isolates were divided
into those recovered from eggs or human infections and those
isolated from chicken cecal samples. Most S. Enteritidis iso-
lates obtained from eggs or clinical sources were positive for
both the attachment and invasive phenotypes, whereas among
strains recovered from the chicken ceca, there was a significant
excess of attachment-negative phenotypes and more attach-
ment-negative, invasion-negative phenotypes than expected
(39). In contrast, we report here significant differences in in-
vasive characteristics between isolates recovered from human
gastroenteritis cases and those derived from nonhuman or
human systemic infections, using a human intestinal epithelial
cell line instead of avian cells. The vast majority of strains (13
out of 14) isolated from human gastroenteritis during the ep-
idemic and postepidemic periods showed proficient invasion
into Caco-2 cells, in contrast to the more variable behavior
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FIG. 4. S. Enteritidis colonization of chicken spleens at 7 days postinoculation. Each symbol represents an individual animal from two
independent experiments. The corresponding median for each group is represented with a solid line. *, significant difference compared to that of

PT4 shown by one-way ANOVA (P < 0.05).

displayed by isolates recovered from other sources, including
systemic infections in humans (Fig. 1C). These findings suggest
a correlation between the capacity of internalization into hu-
man enterocytes and the ability to cause intestinal disease in
humans. Overall, these results suggest the existence of a pre-
dominant subpopulation of strains with a PT4-like genetic pro-
file, which is fully invasive for human epithelial cells, that was
potentially responsible for the epidemics of S. Enteritidis gas-
troenteritis in Uruguay.

Motility is postulated to enable the bacterium to penetrate

TABLE 2. S. Enteritidis colonization of chicks’ ovaries-oviducts?

Isolate Colonization® Proportion”
31/88° 0/15 0
08/89 2/10 0.20
8/02 0/13 0
10/05 7/20 0.35
93/05 2/19 0.11
199/02¢ 2/20 0.10
214/02¢ 1/14 0.07
53/94¢ 118 0.06
206/99 1/19 0.05
251/01¢ 2/24 0.08
254/01 6/19 0.32
32/02 2/15 0.13
PT4 9/33 0.27

“ Results expressed as the number of chicks that were Salmonella colonized in
their ovaries-oviducts/total number of chicks analyzed for each isolate.

b Results expressed as the proportion of Salmonella-positive animals from the
total number of animals tested for each isolate.

¢ Isolates showing significant difference of spleen invasiveness compared to
that of PT4.

@ Animals shown in Fig. 4 were analyzed for the presence of Salmonella in
enriched homogenates of ovaries-oviducts.

the thick mucus that covers the intestinal mucosa and to pro-
mote contact with epithelial surfaces, which is often required
for effective infection (40). In a recent report, it was demon-
strated that motility allows S. Typhimurium to benefit from the
nutrients released in the context of an inflamed gut in the
mouse model of colitis (43). Here we show that a high propor-
tion of natural isolates (10 out of 29) displayed impaired mo-
tility, but only 2 of those were recovered from human gastro-
enteritis cases during the epidemic (Fig. 1A), reinforcing the
view that this feature is important for developing gastroenter-
itis in humans. Interestingly, three out of four isolates recov-
ered from invasive disease in humans showed defects in mo-
tility (Fig. 1A). Several studies have reported the importance
of motility for in vitro cell invasion, but no clear explanation
has been suggested for this phenomenon (24, 46, 47). We
observed that all the hypoinvasive isolates showed adhesion
levels similar to or even higher than that of the PT4 reference
strain, indicating that the defect in invasion is not due to a
lower capacity of the nonmotile isolates to attach to the cells.
Of note, all isolates tested possess all known Salmonella patho-
genicity island 1 (SPI1), regulatory, and fliC genes required for
invasion of cultured epithelial cells, as deduced from our pre-
vious microarray analysis (5, 15, 36, 49). However, altered
expression of any of these genes or DNA sequence heteroge-
neity could be involved in the observed invasion defects.

As the inflammatory response to Salmonella infection by the
intestinal epithelia is considered to be a determinant for elic-
iting diarrhea (50), we evaluated a set of isolates, looking for
differences in their capacities to elicit a proinflammatory re-
sponse by Caco-2 cells in vitro. No significant differences were
observed in the transcriptional responses elicited by each iso-
late and PT4, except for TNF-a upregulation elicited by isolate
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31/88. No correlation was found between invasiveness and
transcriptional responses, i.e., hypoinvasive and fully invasive
isolates elicit similar proinflammatory responses. In this re-
spect, it was previously reported that altering the invasive ca-
pacity into epithelial cell lines by mutations of the SPI1 type
three secretion system does not affect the ability of Salmonella
to trigger a proinflammatory response in this system (44, 52).

Several reports have shown that genes involved in bacterial
cell wall structure and function, amino acid and nucleic acid
metabolism, motility, and stress responses are important for
survival in egg albumen or are induced in eggs (8, 19, 31). We
have found three isolates markedly affected in survival in egg
albumen. One of them, isolate 47/03, lacks rpoS that codes for
the stress-induced sigma factor and SEN4286, a gene involved
in a type I restriction modification system (5), two features that
may explain its deficiency in survival under these conditions of
stress. Isolate 31/88 lacks genes coding for cytochrome C syn-
thesis, ferredoxin, alcohol dehydrogenase, aldehyde dehydro-
genase, and ethanolamine utilization (5), which could explain
its survival-deficient phenotype (25). Isolate 254/01 was indis-
tinguishable from PT4 genomically (5), suggesting that other
underlying factors not detected in our CGH analysis may cause
the difference in survival.

It is of note that all three egg isolates assayed (251/01,
254/01, and 32/02) showed diminished survival in albumen. A
possible explanation is that they may have been originally de-
posited in the egg yolk, an environment more permissive for
bacterial persistence than albumen.

Overall, the analysis of survival in egg albumen discrimi-
nated between isolates originating from humans and isolates
originating from nonhuman sources, with the former having a
significantly higher frequency of isolates more resistant to egg
albumen (Fig. 3B). This is consistent with the finding that
consumption of contaminated eggs is a major source of human
infection with S. Enteritidis.

The chicken virulence assays also revealed high heterogene-
ity of behaviors, but no significant differences related to the
origin of the isolates was found. However, this analysis may be
affected by the low number of isolates studied.

The two preepidemic isolates performed deficiently in most
of the assays conducted, suggesting that differences in their
genomic content correlated with phenotype and giving a plau-
sible explanation for their inability to become epidemic. Strain
53/94, which was isolated immediately before the beginning of
the epidemic, showed good fitness in cell invasion and albumen
survival tests and moderate fitness in chicken invasion tests,
indicating a shift in virulence compared with that of previous
isolates. Interestingly, the genetic profile of this isolate is more
similar to that seen for the epidemic isolates (Table 1).

Therefore, a correlation between genetic makeup and phe-
notype can be suggested for the old preepidemic isolates. Some
common genetic features between these isolates are the lack of
®SE20 and the presence of several phage-associated genes
(regions 10 to 12 and gogB [5]), which are absent in all other S.
Enteritidis isolates analyzed here. However, absence of ®SE20
was also observed in isolates 53/94 and 206/99, both of which
displayed good fitness in almost all assays tested. Acquisition
of DNA sequences such as pathogenicity islands is regarded as
a potentially important contributor to the evolution of viru-
lence in pathogens. However, loss of function may also be
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important, as seen in Shigella and Escherichia coli, where a
large deletion (around 190 kb) of the genome is involved in
enhanced virulence (33). In this regard, we might speculate
that the loss of regions 10 to 12 and/or gogB improved the
virulence of S. Enteritidis, rendering strains more prone to
cause an epidemic. Alternatively, other features contained
in the sequences of the old preepidemic isolates and not
discriminated by our genotyping analyses may be involved in
their virulence-associated phenotypes. Solving the complete
genomic sequences of these isolates will shed light on this
issue, and this is our future direction.
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